We expressed and purified an azoreductase homolog, YvaB, from Bacillus subtilis. YvaB was found to have NADH:2,6-dichloroindophenol oxidoreductase activity, as well as azoreductase activity. Purified YvaB was active without FMN, unlike Escherichia coli azoreductase. YvaB was most active at pH 7.5 and 40 C, and was stable up to 55 C after incubation for 30 min. Remarkably, it was stable in the presence of Ag þ , and was activated by the addition of non-ionic detergents. Other enzymatic properties of YvaB were also investigated.
NADH-preferring 2,6-dichloroindophenol (DCIP) reductase (NADH:DCIP oxidoreductase, EC 1.6.99.3) catalyzes the reduction of DCIP in the presence of NADH.
1) The enzyme is generally called diaphorase, and it is an industrially important enzyme applied in clinical settings. It is useful in the colorimetric determination of NADH and many dehydrogenases when coupled with formazan dye-forming chromogens, which act as hydrogen acceptors. 2) NADH:DCIP oxidoreductase from Bacillus stearothermophilus was reported in 1980.
3) The enzyme acts as a monomer with a molecular mass of 43 kDa, and its activity was enhanced by FMN. On the other hand, several microorganisms exhibit high azoreductase (azobenzene reductase, EC 1.7.1.6) activity. [4] [5] [6] Azoreductase is favorable for the development of biodegradation systems for azo dyes, because it catalyzes reductive cleavage of azo groups. Formazan dye-forming chromogens, utilized as substrates of NADH:DCIP oxidoreductase, also contain azo groups. Azoreductase, moreover, requires NADH or NADPH as hydrogen donor. It is thought that NADH:DCIP oxidoreductase and azoreductase are extremely close enzymes. Azoreductase genes have recently been identified in Bacillus sp. and Escherichia coli. 6, 7) It is known that homologs of E. coli NADH-preferring FMN-azoreductase are widely distributed in other bacteria, and that they would play an important role in electron transport or metabolism. 6) In this paper, we describe the expression, purification, and characterization of an azoreductase homolog from B. subtilis (YvaB; accession No. CAB15359). The entire genome of B. subtilis has been sequenced, 8) and functionally unknown genes encoding proteins homologous to NADH dehydrogenases have been identified. One of these is the yvaB gene, which encodes a 211-amino acid protein that has 31% identity with E. coli FMNazoreductase.
The yvaB gene was amplified by colony-directed PCR of B. subtilis cells (NBRC14144, tryptophan auxotroph of Marburg 168 strain) using a pair of specific oligonucleotides: 5 0 -aaggaggtaaaatggcaaaagtattatatatcactgctcatcc-3 0 (sense, SD sequence and start codon underlined) and 5 0 -ttagaatgtttttcctgcttctttcgcacgcgc-3 0 (antisense, stop codon underlined). The PCR product was cloned using a TA cloning kit (TArget Clone, Toyobo, Co., Ltd., Osaka, Japan) into pBluescript expression vector, yielding pBSUDAD1. The insert sequence was verified by DNA sequencing.
Recombinant strain E. coli DH5(pBSUDAD1) was grown at 37 C to the stationary phase and cells were harvested by centrifugation. A crude extract was prepared by sonication of the cells, and the extract was separated by SDS-PAGE (Fig. 1) . When compared with the crude extract of E. coli DH5 harboring the expression vector pBluescript (Fig. 1, lane A) , there was an additional band corresponding to the yvaB gene product (Fig. 1, lane B) .
NADH:DCIP oxidoreductase assay was based on measurement of the reduction of DCIP at 600 nm by spectrophotometrically. The assay mixture finally contained 0.04 mM DCIP, 0.2 mM NADH, and 20 mM TrisHCl (pH 7.5). One unit of activity was defined as a decrease of one unit absorbance (1.0) of DCIP per min at 25 C and pH 7.5. Approximately 200 U/ml of NADH:DCIP oxidoreductase activity was detected in the DH5(pBSUDAD1) crude extract. The activity of y To whom correspondence should be addressed. Fax: +81-770-22-7671; E-mail: yoshiaki nishiya@bio.toyobo.co.jp the crude extract was elevated 1.5-fold when 0.02 mM FMN was added. In contrast, no activity was detected in the DH5(pBluescript) crude extract with or without the addition of FMN.
For purification of the yvaB gene product, ammonium sulfate was added to the crude extract to achieve 65% saturation. The precipitate, collected by centrifugation, was dissolved in 20 mM potassium phosphate buffer (pH 7.5) and dialyzed against the same buffer. The dialysate was subjected to ion-exchange chromatography on a DEAE-Sepharose CL-6B column (GE Healthcare, Uppsala, Sweden). The enzyme was eluted using a linear gradient (0.1-0.4 M) of sodium chloride. Active fractions were finally purified to homogeneity using a gel filtration step (Sephacryl S-200, GE Healthcare) and an affinity column (HiTrap Blue HP, GE Healthcare). Finally, the purified YvaB yielded a single band on SDS-PAGE (Fig. 1, lane C) , which migrated the same distance as the additional band in the crude extract described above (Fig. 1, lane B) . YvaB had azoreductase activity that was about 65% of its NADH:DCIP oxidoreductase activity when methyl red was used as a substrate instead of DCIP.
We examined the absorption spectra of the purified YvaB and free FMN. The YvaB spectrum had two maxima at 373 and 454 nm, which corresponded approximately to the FMN spectrum (two peaks at 373 and 448 nm). This pattern is typical of flavoproteins. After heat denaturation (100 C, 30 min) of the enzyme, the supernatant had specific peaks for flavin (data not shown), so it is possible that YvaB binds non-covalently to a cofactor which is freed from the enzyme by heat denaturation. To identify the flavin, emission spectra of the supernatant, including the cofactor, were measured at pH 7.0 and 3.0 using an F-7000 fluorescence spectrophotometer (Hitachi, Tokyo).
9) The pH-dependent fluorescence spectrum (excitation and emission at 450 and 530 nm, respectively) was close to that of an FMN standard and different from that of FAD, which fluoresces at approximately 3-fold higher levels at low pH values (data not shown).
The activity of the purified YvaB was not elevated when 0.02 mM FMN was added, although that of the crude extract did become elevated on addition of FMN. This observation suggests that only the holoenzymes can be purified. FMN enhances B. stearothermophilus A, Effects of temperature. Enzyme activities at various temperatures were assayed. To examine thermal stability, 40 U/ml of the enzyme was incubated at various temperatures for 30 min and immediately cooled. The remaining activities were assayed at 25 C. Symbols: , activity; , thermal stability. B, Effects of pH. For the pH test, 20 mM of MES buffer (pH 5.4-5.9), potassium phosphate buffer (pH 6.0-7.5), Tris-HCl buffer (pH 7.5-8.5), and glycine-NaOH buffer (pH 8.4-9.5) were used. The enzyme activities at various pHs were assayed. To examine pH stability, 40 U/ml of the enzyme was incubated at 25 C for 16 h, and the remaining activities were assayed at pH 7.5. Symbols: , activity; , pH stability.
NADH:DCIP oxidoreductase activity, and is required for E. coli azoreductase activity. 3, 6) Hence, we conclude that YvaB must be more strongly bound to its cofactor than is the case for these other enzymes.
We characterized YvaB in detail. The molecular mass of the YvaB subunit was estimated to be 24.6 kDa by SDS-PAGE (Fig. 1, lane C) . This value corresponds with the subunit molecular mass predicted from the gene sequence (23.3 kDa) . The molecular mass of the native enzyme was estimated to be 45.0 kDa by gel filtration (TSK3000W, Tosoh, Tokyo). It appears that YvaB acts as a dimer of identical subunits. The isoelectric point was estimated by isoelectric focusing to be 4:4 AE 0:1, which is lower than the value of 5.2 calculated from pKa of the amino acid residues. Using an HP G1005A protein sequencer (Hewlett-Packard, Palo Alto, CA), the sequence of the amino-terminus of YvaB was found to be Ala-Lys-Val-Leu-Tyr, with the first methionine eliminated. The specific activity of the purified YvaB was 1:5 Â 10 3 U/mg for DCIP. Reaction mixtures containing several concentrations of substrate solution were used to determine the K m value of this enzyme. The K m for NADH was 0:19 AE 0:01 mM, but that for DCIP was below the level of detection (less than 0.008 mM). No activity was detected in the purified YvaB when NADPH instead of NADH was used to measure DCIP oxidoreductase activity.
The effects of temperature and pH on activity and stability were examined, and the results are shown in Fig. 2 . The optimum pH was 7.5, and the activity increased linearly up to 40 C. YvaB was stable up to 55 C after incubation for 30 min at pH 7.5. During incubation at 25 C for 16 h, the enzyme was stable between pH 5.5 and 9.0, where 80% activity was observed.
The effects of metal ions and several inhibitors on the enzyme activity were also examined (Table 1) . Pb 2þ was markedly inhibitory of the enzyme activity, and Cu 2þ , Hg 2þ , and Fe 2þ were weakly inhibitory. Remarkably, it was stable in the presence of Ag þ , unlike most enzymes. YvaB was stable in the presence of various chemicals, except for SDS. This enzyme was activated 1.3-1.5 times by adding non-ionic detergents, such as Triton X-100, Tween20, and Span20.
In this study, the detailed character of the NADH: DCIP oxidoreductase activity from B. subtilis was elucidated for the first time. YvaB had practical properties for use of clinical enzymatic assays because it exhibited relatively high activity at lower temperature and neutral pH, and was stable in temperature, pH, and with most chemicals. NADH:DCIP oxidoreductase has been found in B. stearothermophilus and reported. 3) This enzyme is quite different from YvaB in molecular mass, subunit assembly, interaction with the cofactor, and several other properties. YvaB must be more practical than the B. stearothermophilus enzyme, which exhibits a low activity at lower temperature and is inhibited by EDTA and p-chloromercuribenzoate.
The primary structure of YvaB is homologous with that of E. coli azoreductase, and therefore the tertiary structures of both enzymes must show close similarity. Crystallization and X-ray analysis of E. coli azoreductase have been performed and the tertiary structure has been determined. 10, 11) Cofactor FMN is required for E. coli azoreductase activity, but is not necessary for the activity of YvaB. Further studies based on structural interpretation are needed to explain different interactions of E. coli azoreductase and YvaB with the cofactor. Analysis of the enzymatic functions of YvaB using protein engineering techniques is now in progress. PCMB, p-chloromercuribenzoate; MIA, monoiodoacetate; 2-ME, 2-mercaptoethanol; Phena, o-phenanthroline; Dypyr, , 0 -dipyridyl; IAA, iodoacetamide; NEM, N-ethylmaleimide; HA, hydroxylamine; DAC, dimethylbenzoyl-alkyl-ammonium chloride.
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